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Quantum computing algorithms for many-body physics, chemistry and
materials science typically require the preparation of thermal or ground
states for a given Hamiltonian. Here we propose quantum algorithms based

onsystem-bathinteractions to prepare thermal and ground states for a
range of physically relevant Hamiltonians. These algorithms require only
forward evolution under a system-bath Hamiltonian in which the bath
isasingle reusable ancilla qubit, making them especially well suited for
early fault-tolerant quantum devices. By carefully designing the bath and
interaction Hamiltonians, we prove that the fixed point of the dynamics
accurately approximates the desired quantum state. Furthermore, we
establish theoretical guarantees on the mixing time, and thereby provide
arigorous justification for the end-to-end efficiency of system-bath
interaction models in thermal and ground state preparation for the
physically relevant models we consider.

Preparing quantum thermal and ground states is a fundamental task
in quantum computing, with wide-ranging applications in quantum
many-body physics, quantum chemistry and materials science. A vari-
ety of approaches have been developed in the literature, including
variational algorithms’, adiabatic methods**, matrix function-based
methods using quantum phase estimation and quantum singular value
transformation*, tomography-based quantum imaginary time evo-
lution’ and dissipative state preparation schemes®’, to name a few.
While each approach hasits own strengths and limitations, there
hasbeena persistent trade-off between simplicity, efficiency, general-
ity and rigour. Namely, we would like to design algorithms that are sim-
pleenoughtobeimplemented on early fault-tolerant quantum devices.
The runtime should scale at most polynomially with relevant param-
eterssuchassystemsize and precision. The polynomial runtime scaling
is not a trivial requirement: preparing the ground state of a general
local Hamiltonian is Quantum Merlin-Arthur-hard in the worst case'’,
and even preparing classical Gibbs states can be non-deterministic
polynomial-hard™'?. Thus, polynomial-time quantum algorithms can-
not be expected for all Hamiltonians. Our goal should be to develop
algorithms that are efficient for broad classes of physically relevant

Hamiltonians, and all of these should come with rigorous end-to-end
performance guarantees. So far, we are not aware of any approach that
simultaneously satisfies all of these criteria.

Among existing approaches, dissipative algorithms appear to be
the most promising candidates. They can avoid variational parameter
tuning, state tomography procedures and normalization factors that
can grow exponentially with system size. In recent years, a new wave
of approaches based on dissipative dynamics, such as the Lindblad
dynamics, have been proposed to prepare thermal and ground states
of general Hamiltonians" . In a broad sense, dissipative algorithms
mimic how nature prepares thermal states. The system of interest is
coupled to an external bath that induces dissipation. Importantly,
dissipation here does not mean that the system state is post-selected
on the basis of specific measurement outcomes. This issue arises in
direct implementations of imaginary-time evolution on quantum
computers, where the probability of obtaining the desired thermal
state in the system register decreases exponentially with system size.
By contrast, dissipative algorithms are naturally described by quantum
channels, ensuring that at each step the system register remainsin a
well-defined physical quantum state without post-selection. In this way,
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Fig. 1| Illustration of the quantum circuit for the proposed algorithm. The
weak-coupling dynamics in equation (2) areimplemented via a second-order
Trotter decomposition. The procedure requires only a single ancilla qubit. Here,
Ppr « exp(BwZ/2)for thermal state preparation, and pg = |0)(O|for ground state
preparation. The system-bath interaction term W, ,(7/2) is defined in equation
(5) with Agrandomly sampled from a set .A. For each w > 0 randomly sampled
fromagiven distribution g(w), the algorithm approximately generates ajump

from an energy eigenstate |¢f;) to another eigenstate ;) with Bohr frequency 4,
-A;=*w.Thatis, the change in energy of the system can be either +w or —w. In the
thermal state preparation algorithm, both energy-increasing and energy-
decreasing transitions are allowed, while in the ground state preparation
algorithm, only energy-decreasing transitions (A,— 4;=-w) are permitted. The
system-bath interactionblock W() is explained in Methods.

dissipative algorithms canbeinterpreted as quantumgeneralizations of
Markov chain Monte Carlo methods. By carefully designing the dissipa-
tion mechanism, or equivalently the quantum moves, and repeatedly
applying theresulting quantum channel that simulates the dissipative
dynamics, the system can be driven towardsits thermal or ground state.

Akey metricforevaluating the efficiency of dissipative algorithms
is the total simulation time required to reach the target state. The
total simulation timeis often characterized by the mixing time, which
refers to how long it takes for the system to evolve close enough toits
steady state, regardless of the initial state. Inother words, it measures
the time needed for the system to ‘forget’ its starting point and settle
into thermal or ground state equilibrium. Recently, there has been
substantial progress in rigorous understanding of the mixing time of
the continuous-time Lindblad dynamics for several classes of physically
relevant Hamiltonians®® %,

Amain drawback of dissipative algorithms for thermal and ground
state preparation liesinthe complexity of theirimplementation, that s,
theimplementation of quantum channels thataccurately simulate the
dissipative dynamics. Existing high-order simulation algorithms'®'>*-"
can achieve optimal or near-optimal scaling in terms of the simula-
tion time, but they often involve complex logic gates, controlled or
time-reversed Hamiltonian simulations, as well as a large number of
ancilla qubits. These complex circuit structures can be challenging to
implement on early fault-tolerant quantum devices, where quantum
resources remain limited, error correction may be applied selectively to
components most susceptible tonoise, and hybrid architectures com-
bining analogue (such as forward Hamiltonian evolution) and digital ele-
ments may be used to reduce implementation costs and suppress errors.
Consequently, algorithms must be substantially simplified before they
can be considered for practical deployment. Meanwhile, simplified
protocols often deviate too far from the continuous-time Lindblad
dynamics, making it difficult to rigorously analyse the mixing time.

In this work, we resolve the above tension by introducing a quan-
tum algorithm that is simple to implement, and yet admits rigorous
end-to-end performance guarantees. Our approach is arandomized
system-bathinteraction scheme that requires only forward evolution
under the system Hamiltonian and a single reusable environment qubit.
Atahighlevel, the protocol proceeds as follows (Fig.1). Given asystem
Hamiltonian H and a small set of local system operators A, prepare a
one-qubit environment state. In each round, draw a coupling Ag € A

and arandom bath frequency w fromaprescribed distribution, evolve
forward under aweak system-bathinteraction with asmooth temporal
envelope while the system simultaneously evolves under H, then trace
out and reset the environment qubit. The resulting quantum channel
acting on the system is iterated, and the number of iterations is con-
trolled by the mixing time.

Tojustify the efficiency of this protocol, we compare this quantum
channelwithacontinuous-time Lindblad evolution whose fixed point
is known to approximate the target state. By carefully choosing the
environmentstate, coupling operators and sampling distributions, we
ensurethat the fixed point of the channel can be made arbitrarily close
to the target state. Moreover, we establish polynomial mixing-time
bounds for several physically relevant Hamiltonians, thereby providing
rigorous guarantees within a minimal architecture that is well-suited
for early fault-tolerant devices.

Wenote that theidea of employing aweak system-bathinteraction
framework to cool a system and prepare low-temperature thermal or
ground states has been explored in several previous and concurrent
works?****2 from both theoretical and numerical perspectives. In
particular, refs. 39,41 adopted similar principles to design quantum
algorithms for thermal state preparation based on system-bathinter-
actionmodels, although some specific details of their protocols differ
from ours. In this work, we carefully design both the initialization
of the bath state and the interaction function, thereby providing an
end-to-end efficiency guarantee within the system-bath interaction
framework. Specifically, our study is the first to establish rigorous
mixing-time guarantees for both thermal and ground state preparation
insuchaframework, laying a theoretical foundation for understanding
the promising empirical results observed in related studies. A more
detailed comparison with the previous work can be found in Supple-
mentary Information section 2.

Algorithm description
Given a system Hamiltonian H, we define the total Hamiltonian as

Ho(t) = H+ Hi + af(0) (As ® Br + AL @ B}). @

Here, A;is a coupling operator acting on the system, which can be
randomly chosen from a user-provided set of operators A = {A, —A},

L

with the property that {(A’) }, = {A’},. We assume without loss of gen-
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erality ||A’|| <1. We set Br = (X — iY)/2 = |1)(0|. The bath Hamiltonian
H:=-wZ/2 depends onarandom frequency variable @, drawn from a
distribution g(w) related to the system Hamiltonian. Here, X, Yand Z
denote the single-qubit Pauli operators. The interaction envelopef{(¢t)
is areal, positive, even and normalized function of time, satisfying
flt) =f(—-t) e R and fRﬂ(t)dtzz 1. We choose f to be a Gaussian
H t

function f(¢) = P eXp(_E)'

Starting from aninitial state p,in the systemregister, ineach step
ofthealgorithmwe set the state of the ancillaqubit to pr « exp(—BHg),
simulate the time evolution governed by the total Hamiltonian H,(¢)
andthentrace out theancillaqubit. When S=,weset p; = |0)(0} Then,

j— P (4 (8 T

Pt = P(pp) = Egg (Tre [N (0 @ pp L2(D']), @)
where U“(t) is the time-evolution operator of the total Hamiltonian
Ut =7 exp(—ift_THa(s) ds) . Note that the Hamiltonian evolution
startsattime—T7.Intheimplementation, wesimulate the time-dependent
Hamiltonianin @ using exisiting Hamiltonian simulation protocols. A
detailed discussion canbe found in Methods and Supplementary Infor-
mation section 6D.

Thiswork provides arigorous analysis showing that, for physically
relevantbut analytically tractable classes of models such as free fermi-
onsand commuting Hamiltonians, the map @ possesses a unique fixed
pointthataccurately approximates the desired thermal or ground state,
and that its mixing time can be explicitly bounded. These results offer
a concrete demonstration that the mechanism underlying @ can be
made fully rigorous in non-trivial quantum many-body settings. More
generally, we prove that, whenever the mixing time 7,,,,, of @ grows at
most polynomially in the system size, one can choose parameters so
thatthestate p,__staysarbitrarily close to the fixed point pg;,and, hence,
serves asareliable approximationto the target thermal or ground state.

Rigorous guarantees

Our first result is to show that the fixed point of the quantum channel @
canbe madearbitrarily close to the target state. The mixing time 7,,,,,(€)
is defined as the minimum number of iterations required to ensure that
@*(p,) is e—close to the fixed point for any initial state p, (see Definition
SlinSupplementary Information for the formal definition).

Theorem 1. (Informal main result) Let @ be the quantum channel in
equation (2). For any target precision € > 0, there exist parameter
choices such that the trace distance between the fixed point p; (®)
and the target state is at most €. Starting from an arbitrary initial
state, the end-to-end Hamiltonian evolution time is upper bounded by

poly (tmix(€), B,1/€),
pOIy (Tmix(e)y A_l, 1/6) s

thermal,

©)

total =
ground state,

where Bis theinverse temperature and 4 is the spectral gap of the sys-
tem Hamiltonian H.

We note that ground states can also be approximated by thermal
states at low enough temperatures, 8 = poly(N, 1/4) (ref. 43). We pro-
vide a detailed discussion of this complexity discrepancy in Supple-
mentary Information section 5. The total Hamiltonian evolution time
T intheorem1is the product of the number of iterations 7, (€) and
the Hamiltonian evolution time 27 in each iteration. The polynomial
dependence onthe mixing time 7,,,,(€) occurs because the Hamiltonian
evolution time T in each iteration needs to scale polynomially with
Tix(€), so that the fixed point of @ can remain close to the target state
after r,,;,(€) iterations.

To establish end-to-end efficiency in preparing thermal and
ground states, we derive rigorous mixing-time bounds for a range of
physically relevant Hamiltonians. These results are presented in the
following two theorems:

Theorem 2. For thermal state preparation of N-qubit non-interacting
spin systems or quadratic fermionic systems with = (1), and of
local commuting spin systems at high temperature, the mixing time
T,.(€) of @ scales as poly(N, 1/¢).

Theorem 3. For ground state preparation of N-qubit non-interacting
spin systems or quadratic fermionic systems, the mixing time 7., (€) of
@ scales as poly(N, 1/€).

By combining the mixing-time bounds with theorem 1, the algo-
rithm achieves runtime scaling polynomially with system size.

Analysis overview

We first need to show that the fixed point of @ is e-close to the target
thermal or ground state, and then derive an upper bound on the mix-
ing time of @.

First, we show that equation (2) can be approximated by a
continuous-time Lindbladian dynamics whose fixed point canbe tuned
to lie arbitrarily close to the target state by setting T = 2(6)and o> 1,
aT < 1. Specifically, we first show that @ can be approximated by a
Lindbladian dynamics exp(£a?)-up to a unitary evolution—with error
O(a*0?), where £ is the Lindbladian operator and a? corresponds to
the Lindbladian evolution time. This result is formally given in Sup-
plementary Information section 3. Next, we show that the fixed point
ofthe Lindbladian dynamics closely approximates the target thermal
or ground state. Consequently, the fixed point of @is also close to the
desired state. For the thermal state, the fixed-point error can be
bounded by O((8/0)a%1,,i(€)), while for the ground state, the error
scales as O(exp(—02A2/32)a? 1, (€)), provided the Hamiltonian has a
spectral gap 4. The detailed versions of the approximation error are
stated in Supplementary Information section 5 as theorem S4 and
theorem S5, respectively.

According to the approximation error bound, when a’t,;,(€)
remains essentially constant, an appropriate choice of the parameters
oand aensures that the fixed point pg, (@) canbe made arbitrarily close
to the target state. Moreover, because @ can be approximated by the
Lindbladian dynamics, we show that the rescaled mixing time a?7,,,;,(€)
closely matches the mixing time of the Lindbladian operator £. This
correspondence is a key step in establishing an upper bound on the
mixing time of @ in the second stage of our analysis.

The main technical challenge, however, is that in practice the
rescaled mixing time a’1,,,(€) may diverge as o or a* grows. For
instance, in thermal state preparation the fixed-point error bound
often scales as a’7,,;,(€)/0. Without a carefully designed filter function
fand system-bath interaction, a’t,,,(€) can grow exponentially with
o,even for the simple single-qubit Hamiltonian H=Z (Supplementary
Information section 7, theorem S17). Thus a key step in our work is to
design the dissipative protocol to ensure that once g is sufficiently
large, the mixing time 7,,;,(€) isindependent of 0.

To achieve this, we need to carefully design the initial bath state
and the interaction function. This construction provides substantial
flexibility intuningf, allowing the resulting Lamb-shift term to approxi-
mately commute with the target thermal or ground state. Specifically,
for a fixed w and sufficiently large o, the system-bath interaction is
designed so that the induced energy transitions in the system con-
centrate around w rather than near zero. Then, by sampling @ from
asuitable distribution, our method enables large energy transitions
while keeping the perturbation to the approximate fixed point small,
thereby ensuring provably fast mixing without substantially disturb-
ing the target state.

Applications of the algorithm

Quantum materials and chemistry on early fault-tolerant
hardware

Efficient state preparation with end-to-end performance guaranteesis
essential for reliable property prediction in materials and molecules,
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especially when classical methods disagree. Our protocol prepares
thermal and ground states using only forward evolution under a sys-
tem-bath Hamiltonian and asingle ancilla qubit. This minimal architec-
turereduces control overhead and avoids deep control logic, whichis
attractive for early fault-tolerant and hybrid analogue-digital devices.

Benchmarks for dissipative engineering and codesign with
error correction

Because the channel’s fixed point canbe tuned to approximate atarget
thermal or ground state with minimal circuitry, our protocol provides a
benchmark that directly reflects the end-to-end performance of a quan-
tum device. This perspective is especially relevant for architectures
with mid-circuit measurement capabilities, whichis a core ingredient
of error correction. Rather than focusing on per-gate fidelity, the dis-
sipative dynamics test how well the hardware and control stack jointly
support long-time evolution towards a stable fixed point. In practice,
the most natural initial targets are Hamiltonians with simple native
structure, such as free-fermion or commuting local models, and mod-
est system sizes where forward system-bath evolution and repeated
ancillareset can beimplemented with minimal ancilla counts and low
overhead. In this sense, the protocol is a natural setting for codesign:
it allows hardware and algorithmic choices to be evaluated together
in terms of their impact on the overall ability to prepare and stabilize
complex quantum states.

Conclusion and outlook

Inthis work, we have presented aquantum algorithm for preparing both
thermal and ground states with provable correctness and mixing-time
guarantees, while requiring only modest quantum resources. The algo-
rithm operates by repeatedly applying a simple quantum channel,
obtained from forward time evolution under a system-bath Hamilto-
nian, followed by resetting the bath. The bath can be reduced toasingle
ancilla qubitby employing arandomized choice of bath frequency and
coupling operator between the system and bath. This design makes it
well suited for early fault-tolerant quantum devices, including hybrid
devices that can implement certain type of Hamiltonian simulations
via analogue methods.

Our analysis shows that, with a suitable choice of parameters,
the fixed point of the quantum channel can accurately approximate
the target thermal or ground state. Once the fixed-point error bound
is established, it suffices to prove polynomial mixing time in order to
achieve end-to-end efficiency. Akey technical pointis that the mixing
time and simulation parameters are generally interdependent; it is
thereforeimportant to demonstrate that, for our channel construction,
the mixing time remains bounded as parameters are tuned to reduce
the fixed-point error. While we have established polynomial mixing for
several physically relevant models, similar behaviour may also extend
to broader classes of Hamiltonians, especially in the thermal-state set-
ting, asindicated by two recent works*** that appeared after the initial
completion of this paper.

The weak system-bathinteraction framework canberegarded as
an approximate, low-order approach to Lindblad simulation. In this
work, we propose asecond-order Trotterization method for the simula-
tion of @, which circumvents the need for backward Hamiltonian evolu-
tion. Compared with high-order Lindblad simulation methods* ¥, this
can lead to an asymptotic slowdown with respect to parameters such
as system size and precision. This tradeoff is analogous to the use of
low-order Trotter methods in Hamiltonian simulation, and is to some
extent unavoidable. Nevertheless, there is considerable potential for
improvement to reduce the cost. For instance, if backward Hamilto-
nian evolution can be efficientlyimplemented on the device, one may
employ a higher-order Trotterization scheme to simulate @, thereby
substantially reducing the asymptotic gate count. This refinement
further enhances the algorithms practicality for early fault-tolerant
implementations across diverse quantum hardware platforms.

Inthe hardware implementation, conditioned on sampling a pure
eigenstate from p,and on a measurement outcome for the discarded
ancilla, each iteration of our algorithm maps a pure system state to a
pure system state. This process naturally induces a classical Markov
chain on the space of state vectors, with each application of @ corre-
sponding toasingle transition step. Consequently, this protocol offers
aquantum-inspired approach to sampling from Gibbs ensembles using
classical state-vector or tensor-network simulations, inregimes where
boththe states and transitions admit efficient representations. This can
alsolead to a hybrid workflow: using classical resources to pre-screen
couplings and frequency windows, followed by quantum preparation
atscales where classical methods saturate.

In our implementation, the filter function has a narrow width ™
inthe frequency domain. This choice simplifies the fixed-point error
analysis but may increase the total simulation time. Allowing broader
energy transitions per channel application, as in the protocols of '*"
for ground- and thermal-state preparation, could lead to a more effi-
cientimplementation. However, this also introduces new challenges,
such as demonstrating that the approximating Lindbladian dynam-
ics still fixes the target state. We hope this work will motivate further
research on optimized filter design, generalized mixing-time analysis
and experimental demonstrations of dissipative algorithms for quan-
tum state preparation.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Here, we first present the implementation details of the proposed
quantum algorithm and then summarize the proof roadmap and the
core analytical techniques supporting the main theoretical result.

Algorithm implementation

Tofacilitate early fault-tolerant implementation, we approximate the
time-dependent Hamiltonian in @ using a second-order Trotter for-
mula with a small time step 7. We choose not to employ higher-order
Trotter formulas so as to avoid implementing backward Hamilto-
nian simulations of H. At each time step n, the frequency parameter
w and the operator Agare independently sampled. Let M=[2T/1], and
fn=fllm+1/2)T-T).Accordingto the preceding description, the evolu-
tionfromp,top,., isimplemented as follows:

Pni1 = PPP(p,)
” .y ¥ 4)
= IEAS,w (TrE HszU,am (pn ®pE) (nm:OU;xm) ]) ’

where
Une = Wa, m(T/2) exp(—iHT) exp(iwTZ/2)Wy 1 (T/2)

implements the Trotterized approximation to U* with
W m(T/2) = exp(—iaf,(As ® B + AL ® B))1/2). )]

Inpractice, if the system Hamiltonian H consists of noncommuting terms,
onewould further Trotterize exp(—iHr). When first- or second-order Trot-
terizationis used for the Hamiltonian evolution, the simulation involves
only forward time evolution, which is well suited to analogue quantum
simulators. When backward Hamiltonian evolution can also be imple-
mented efficiently, asin digital quantum computers, the simulation cost
canbefurther reduced by using higher-order Trotterization or quantum
singular value transformation methods to simulate @ with improved
precision. The detailed complexity analysis of the second-order Trotter
canbe foundin Supplementary Information section 6D.

Key techniques

The analysis of our method can be divided into three main steps: (1)
derive the effective Lindblad dynamics that approximates @; (2) show
that the fixed point of the Lindblad dynamics is close to the target
thermal (or ground) state and, hence, also serves as the fixed point of
@; and (3) establish an upper bound on the mixing time of @.

Derivation of effective Lindblad dynamics. We show that the quan-
tum map @inthe weak coupling regime a < 1canbe approximated by
an effective Lindblad dynamics up to a unitary transformation.

Define the time evolution operator by Us(¢) : = exp(—iHt), and the
associated superoperator by ug(6)[p] = Us(t)pUE(t). Givenajump opera-
tor V, we define the associated dissipative operator as

Dp) = VoV' — (V1V} ©

Thefollowing theoremestablishes that the quantum channel @ canbe
approximated by an effective Lindblad dynamics:

Theorem4. (Informal) Under the choice of H, Ag, B, f(t), g(w) in the main
text, p,.,canbeexpressed as

Prs1 = Us(T) o exp(La?) o Us(DPa] + O@ T* || Allf). @)
Here, cisalindbladian operator.

L(p) = Ey (/ —i[g(w)Hys 45 (W), p]

+V(@)Dy, () (p)da)) .

Here, the Lamb shift term Hy, (w) is a Hermitian matrix.

Y(@) = (g(w) + g(-w))/(1 + exp(Bw)) when B <=, and p(w) = (§(w) + 8(- w))
1,0 +8(0)1,.,when =, The jump operator V,_,r(w)is defined as

)
Voo @) = f FOAS®) exp(—iwndt, ©)
T

where A4(¢) isthe Heisenberg-picture evolution of the coupling opera-
tor Ag: As(t) = exp(iHt)Ag exp(—iHt).

In the above theorem, we omit thef, T dependence of Hs 4, (w)in
the subindex for simplicity. The rigorous version of above theorem
withthe specific form of £ canbe foundinSupplementary Information
section 3 as theorem S2. The 9(a?) term is obtained by analysing the
second-order terminthe Dyson expansion of the time evolution opera-
tors, and the 9(a*) remainder bounds the sum of higher-order terms.
The parameter a? can be interpreted as the effective evolution time
under the Lindbladian operator £.Each application of @ approximately
evolves the system, up to the unitary transformation u(7), under the
Lindbladian operator £fortime a’with error scalingas 0(a*). Therefore,
up tothe unitary transformation u(7), themap @serves as afirst-order
approximation to the Lindblad dynamics 9,0 = £(p).

Choice of interaction terms. In our algorithm, itisimportant to prop-
erly choose Hy, p;, Ag, B;, a, f(t) and g(w) to ensure that the fixed point
of @ closely approximates the target thermal or ground state and that
the resulting dynamics has a favourable mixing time. First, H.specifies
the single-ancilla bath system. The operators A;and B.jointly induce
energy transitions through the system-bath interaction, with the
transition energy set by the parameter w in H,, thereby driving transi-
tions between eigenstates of the system Hamiltonian. The bath s initial-
ized in the thermal state p, of H, which ensures the correct balance
between upward and downward transitions, as reflected by y(w) in
equation (8),and thusyields an approximate quantum detailed balance
condition. The choice of coupling operator A;determines which transi-
tions between system eigenvectors are enabled. In particular, if all
operators in 4 commute with H, then the interaction cannot induce
transitions between distinct energy eigenspaces, so such a choice is
notsuitable for thermalization or cooling. More generally, for the cor-
responding effective Lindbladian with afull-rank fixed point, astandard
sufficient condition for uniqueness is that the commutant of the coher-
ent term together with the jump operators is trivial*>***, When prior
knowledge of the eigenstate structure is available, one can design A
to optimally induce transitions between relevant eigenstates. More
generally, the Lindbladian literature provides generic choices of A; that
yield efficient local transitions for broad classes of systems, such as
A = {£X;, £V;, £Z}forlocal spin systems ****and A = {z¢;, ¢ }for fermi-
onicsystems>>*. The Fourier transform f of the filter function controls
the allowed energy-transition window through the jump operator
Vi £r(@) in equation (9). As shown in proposition 5, to guarantee that
the fixed point is close to the target state, we need to choose o suffi-
ciently large, which generates a narrow energy-transition window
around w.

Therefore, to keep the mixing time bounded as o increases, we
must carefully design the system-bathinteractionso that theinduced
energy transitions can cover awide energy range; thisisensured by the
choice of g(w). The choice of g(w) is flexible, as long as it provides a
sufficiently broad energy-transition window. This choice does not
require computing the spectrum of H. For alocal Hamiltonian H=3 h;
with | & |l= 0(1), one may simply take . = 2%, A ll= 0V, which
upper bounds all Bohr frequencies. When Aginduces only local transi-
tions, we expect that it is sufficient to choose g(w) to be uniformon a
smaller window with w,,, = 9(1) to cover the local energy changes
generated by A;. In Supplementary Information section 7, we use a
single qubit example to explicitly demonstrate theimportance of this
design choice.
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Approximate fixed point. For aquantum channel @ with a unique fixed
point pg,, astate pis close to py, if @(p) = p. To ensure that p,, approxi-
mates the target thermal state py, it suffices to bound [|®@(pp) - pjl;.
Accordingtotheorem4 andthe fact that us(7)preserves the targe state,
we can show

Il 20p) = Pyl ~ £ (pp)] . a1,

where cistheapproximation Lindblad operator thatappearsintheo-
rem 4. Thus, it suffices to show that the Lindblad dynamics approxi-
mately preserve the thermal or ground state. This forms the most
technical component of the proof. For the thermal state, we demon-
strate that the Lindbladian operator approximately satisfies the
detailed balance condition, up to an additional coherent term that
nearly commutes with the thermalstate. For the ground state, assuming
the Hamiltonian has aspectralgap 4, we directly show that the operator
approximately preserves the ground state.

The following proposition provides fixed point error bounds in
preparing both thermal and ground states. Guidance on parameter
choices and a more detailed formulation of this proposition can be
foundin theorem S4 (theorem S7) and theorem S5 (theorem S11).

PropositionS. For the quantum channel defined in equation (2), For any
inverse temperature > 0, we have

1 o0®) - oyl = 0 (5 + €202 1) (10)

For ground state that 8 = =, if the Hamiltonian H has spectral gap 4,
we also have

| Pax(®) = peolly = O (677432 + a20?) AP Tyix (€)) - an

Mixing time bound. The ground state and thermal state cases require
different proof strategies.

We start with thermal state case. When two quantum channels @,
and @areclose, thatis, ||®, - @||,5; = 0, their mixing times 7y ;(€), Tx(€)
arealso close. We therefore define the quantum channel @,

1= Us(T) o exp(Ma?) o Ug(T),

where M contains a dissipative operator that approximately satisfies
the quantum detailed balance condition, together witha coherent term
that commutes with the thermal state. In the free-fermionic example,
we show that the dissipative part approximately satisfies the KMS
detailed balance condition and possesses a non-vanishing spectral gap
of order poly(1/N) as 0 > +e.For commuting local Hamiltonians, exist-
ing results have established that the Davies generator exhibits a
bounded mixing time in the high-temperature regime. We note that,
even though the dissipative part possesses a spectral gap, existing
techniques for analysing the mixing time cannot be directly applied
duetothe presence of the coherent termand the accompanying unitary
evolution. To address this challenge, we establish the contractivity
of the channel under a novel weighted Hilbert-Schmidt norm,
[ p;”“[]p;““nz,inspired by ref.16. We prove contraction of the quantum
channel exp (ma?) under the weighted Hilbert-Schmidt norm, and
this contraction still holds in the presence of the unitary evolution
Us(T) and therefore also holds for the map @,. The Lindbladian i is
chosen to both preserve the thermal state p; and approximate the
effective Lindbladian <. Hence, the mixing time of @; is close to that
of @. Using this framework, we rigorously demonstrate that, at high
temperature, the mixing time for the single-qubit case, free-fermion
systems, and commuting local Hamiltonians scales polynomially
with Nand remainsindependent of 0. The detailed results are summa-
rized in Supplementary Information section 6.

For the ground state case, we focus only on the free fermion
Hamiltonian and adopt the strategy from ref. 21 (section IV), which
analyses the Heisenberg evolution of the number operator. Following
the argument inref. 21 (section 1V), the convergence of the Lindblad
dynamics to the ground state can be established by showing that the
expectation of the number operator converges to zero. Moreover,
because the unitary evolution commutes with the number operator,
it does not affect this convergence. Finally, the convergence of the
number operator canbe directly related to the trace distance between
the current state and the ground state using the Fuchs-van de Graaf
inequality (see Supplementary Information section 8 for details).
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